We determined the effects of chromatin structure on template accessibility to replication factors and used three different templates as substrates for simian virus 40 (SV40) DNA replication in vitro: native and salt-treated SV40 minichromosomes and protein-free SV40 DNA. Native minichromosomes contain histone H1 and numerous nonhistone proteins in addition to the core histones, whereas salt-treated minichromosomes carry essentially only core histones. We reasoned that the less densely packed salt-treated minichromosomes should be more effective replication templates due to their more extended configuration. However, contrary to this expectation, we found that native minichromosomes replicated with significantly higher efficiency than salt-treated minichromosomes, while protein-free DNA was most active as a replication template. The higher replication efficiency of native minichromosomes was due to two activities bound to the chromatin, which were identified as DNA topoisomerases I and II. By using chromatin substrates of different general configurations, we also showed that the overall chromatin structure determines accessibility to topoisomerases I and II and thereby the efficiency of replicative chain elongation.
Nuclear processes, such as transcription, replication, recombination, and repair, require that enzymes gain access to the DNA template. However, eukaryotic DNA is not freely accessible but is associated with histone and nonhistone proteins to form chromatin (reviewed in reference 47). The basic chromatin fiber consists of an array of nucleosomes, each packaging approximately 200 bp of DNA. One hundred forty-six base pairs of DNA are wound around a histone octamer, consisting of two molecules each of histones H2A, H2B, H3, and H4. A fifth histone protein, histone H1, contacts the DNA at the entrance and exit points of the DNA around the nucleosome. This 10-nm fiber is organized into complex higher-order structures, starting with a 30-nm fiber and going to higher levels of packaging, where the chromatin is further compacted by association with the nuclear matrix (reviewed in reference 43) .
It has been assumed for a long time that the main function of chromatin is the packaging of DNA within the nucleus. However, recent experiments demonstrate that the dynamic state of chromatin regulates processes occurring on the DNA templates, such as transcription (reviewed in reference 22) and replication (reviewed in reference 14) .
Chromatin structure can be influenced by various modifications or factors, such as posttranslational modifications of the histones or association with certain nonhistone proteins (reviewed in reference 40) . Recent experiments have shown that a relaxation of the chromatin structure is associated with changes in the transcriptional (6, 41) and replicational (1, 17, 32) activities of the chromatin template. However, the reason why these more open chromatin forms are more efficient as templates is not known. A possibility is that enzymes gain better access to extended chromatin structures, but this has yet to be experimentally demonstrated.
To investigate this question in more detail, we have used substrates with different chromatin structures as templates for in vitro replication. Simian virus 40 (SV40) minichromosomes are densely packed nucleoprotein particles when extracted under low-salt conditions from the nuclei of infected cells, but they are extended into a classical beads-on-a-string conformation when treated with moderately high salt concentrations. This treatment does not affect the structure of nucleosomal cores but removes the outer histone H1 and a number of associated nonhistone proteins (30) . The chromatin structure of salt-treated minichromosomes can be further extended by removal of the amino-terminal histone domains by trypsin treatment (32) .
Comparison of native and salt-treated SV40 minichromosomes in the SV40 in vitro replication system unexpectedly revealed that native minichromosomes replicated with significantly higher efficiency than salt-treated minichromosomes. We showed that topoisomerases I and II, which were found to be associated with native minichromosomes but not with salttreated minichromosomes, are responsible for the increased replication efficiency. Furthermore, comparison between salttreated control and trypsinized minichromosomes revealed that the chromatin structure regulates the accessibility to topoisomerases and thereby the replication efficiency of the template.
MATERIALS AND METHODS
Preparation of SV40 minichromosomes. Native and salt-treated SV40 minichromosomes were isolated 38 h after infection of CV1 cells and purified on sucrose gradients (13) . Minichromosomes, prepared at different salt concentrations (100 to 500 mM NaCl), were eluted under native conditions (20 mM HEPES-KOH [pH 7.8], 5 mM potassium acetate, 0.5 mM MgCl 2 , 0.5 mM dithiothreitol [DTT]) and then purified over 5 to 30% sucrose gradients (with an SW40 rotor at 39,000 rpm for 3 h at 4ЊC) containing the corresponding NaCl concentrations. The DNA concentration was determined by measuring the absorbance at 260 nm and by comparison with SV40 DNA standards on agarose gels. Trypsinized minichromosomes were obtained by incubating 1 g of salttreated SV40 minichromosomes with 50 ng of trypsin for 10 min at 25ЊC (32) .
Preparation of salt-eluted proteins from native SV40 minichromosomes. Native SV40 minichromosomes (150 g) in a hypotonic buffer (20 mM HEPES-KOH [pH 7.8], 5 mM potassium acetate, 0.5 mM MgCl 2 , 0.5 mM DTT) were adjusted to 500 mM NaCl, and the proteins were eluted for 1 h on ice. Saltextracted minichromosomes were pelleted in a Beckman TLA 100.2 rotor for 2 h at 200,000 ϫ g. The supernatant (native minichromosome eluate) was adjusted to 10 mM ␤-mercaptoethanol-10% glycerol and stored at Ϫ70ЊC. For fractionation, the eluate was loaded on a 15 to 35% glycerol gradient (20 mM Tris-Cl [pH 8.0], 10 mM sodium bisulfite, 10 mM ␤-mercaptoethanol, 300 mM NaCl) and centrifuged in an SW55 rotor for 20 h at 50,000 rpm at 4ЊC. Sedimentation markers (chicken serum albumin, 3.5S; bovine serum albumin [BSA], 4.2S; aldolase, 7.4S; catalase, 11.3S) were run in a parallel gradient. After dialysis against a low-salt buffer (20 mM HEPES-KOH [pH 7.8], 5 mM potassium acetate, 0.5 mM MgCl 2 , 50 mM NaCl, 0.5 mM DTT), aliquots of the individual fractions (300 l) were assayed by Western blotting and in the SV40 in vitro replication system. Purification of the stimulatory factor from HeLa nuclei. Frozen HeLa cells (10 10 ) (Computer Cell Culture Center, SA, Belgium) were thawed, and the nuclei were pelleted in an HB4 rotor for 10 min at 10,000 rpm at 4ЊC. Nuclei were extracted for 45 min on ice with nucleus extraction buffer (15 mM Tris-Cl [pH 7.5], 500 mM NaCl, 1 mM EDTA, 10% sucrose) and centrifuged for 45 min at 100,000 ϫ g. To the supernatant, solid ammonium sulfate was added to a final concentration of 25%. After stirring for 30 min, the solution was centrifuged in an HB4 rotor for 30 min at 9,000 rpm at 4ЊC. The supernatant was adjusted to 65% ammonium sulfate. After centrifugation the precipitate was resuspended in buffer A (1 M ammonium sulfate-50 mM sodium phosphate [pH 7.0]) and loaded on a fast protein liquid chromatography butyl-Sepharose 6FF column (20 ml) . Elution was done with a linear gradient (100 ml) from buffer A to buffer B (50 mM sodium phosphate [pH 7.0]). Aliquots of the fractions were tested in the SV40 in vitro replication system with either protein-free DNA or salt-treated minichromosomes as the template. Topoisomerase I was found in the flowthrough. Topoisomerase II eluted between 850 and 400 mM salt. The fractions which stimulate the replication of salt-treated minichromosomes were pooled, dialyzed against buffer C (20 mM Tris-Cl [pH 8.0], 10 mM sodium bisulfite [pH 8.0], 10 mM ␤-mercaptoethanol, 5% glycerol, 100 mM NaCl), and loaded on a Mono Q column (10 ml). Proteins were eluted with a linear gradient (90 ml) from buffer C to buffer D (buffer C containing 1 M NaCl). The active fractions eluted at about 400 mM NaCl and were loaded on a Mono S column (1 ml). Elution was done with buffers C and D (20-ml gradient). Active fractions eluted between 240 and 370 mM salt. They were combined and loaded on a linear glycerol gradient (15 to 35% glycerol, 20 mM Tris-Cl [pH 8.0], 10 mM sodium bisulfite [pH 8.0], 10 mM ␤-mercaptoethanol, 300 mM NaCl). Centrifugation in an SW55 rotor was done for 22 h at 49,000 rpm at 4ЊC. The S values were determined by using sedimentation markers run in a parallel gradient.
In vitro replication of SV40 minichromosomes. Cytosolic S100 extracts were prepared from HeLa cells exactly as described previously (39) . SV40 T antigen (T-Ag) was purified from infected Sf9 insect cells by immunoaffinity chromatography (35) . Five hundred nanograms of the different minichromosome templates or 125 ng of protein-free SV40 DNA was replicated for 120 min at 37ЊC under previously described conditions (16) without pretreatment of the S100 extract with RNase beads. Aliquots (15 to 20 l) of the fractions from the glycerol gradient of the native minichromosome eluate or the individual purification steps from the HeLa nuclei were dialyzed for 90 min at 4ЊC against low-salt buffer (20 mM HEPES-KOH [pH 7.8], 5 mM potassium acetate, 0.5 mM MgCl 2 , 50 mM NaCl, 0.5 mM DTT) before being added to the replication reactions. To minimize protein loss during dialysis, we added BSA (100 g/ml) to the fractions before dialysis. Topoisomerase I (Promega) and topoisomerase II (Topogen, Columbus, Ohio) were dialyzed under the same conditions before addition to the in vitro replication assay.
Western blotting. Ten micrograms of the different minichromosome preparations or 80 l of the fractions from the glycerol gradient were separated on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (12% polyacrylamide) gel (26) and blotted onto a Teflon membrane. Topoisomerase I antibodies (K169) were diluted 1:1,000 in TBST buffer, and topoisomerase II antibodies (K153) were diluted 1:1,000 in radioimmunoprecipitation assay buffer. All the other steps were done exactly as described in the protocol for ECL Western blotting from Amersham Life Science.
Topoisomerase I and II accessibility assays. Six hundred nanograms of SV40 DNA or of control or trypsinized SV40 minichromosomes was incubated with 1 l of topoisomerase I (5 U/l in 25 mM Tris-Cl [pH 7.5]-250 mM NaCl-0.5 mM EDTA-0.5 mM DTT) or 5 l of topoisomerase II (1 U/l in 20 mM Tris-Cl [pH 7.5]-10 mM ␤-mercaptoethanol-300 mM NaCl-25% glycerol) in the presence of 100 M camptothecin (Sigma) or amsacrine (m-AMSA) (Topogen), respectively. Cleavage was carried out for 15 min at 37ЊC in 50 l of a solution containing 25 mM Tris-Cl (pH 7.8), 10 mM KCl, 0.5 mM MgCl 2 , 0.5 mM ATP, 0.5 mM DTT, 5% glycerol, BSA (30 g/ml), and trypsin inhibitor (60 g/ml; type IV-O; Sigma). The reactions were stopped by addition of 5 l of 10% SDS. Samples were treated with proteinase K (1 mg/ml) for 60 min at 55ЊC, extracted with phenol, and analyzed on a 0.8% agarose gel. After staining with ethidium bromide, the intensities of the individual bands were quantitated by the National Institutes of Health image program.
RESULTS
Comparison of the replication efficiencies of protein-free DNA and salt-treated and native SV40 minichromosomes. To determine how chromatin structure affects the template accessibility to replication factors, we used three different templates as substrates for SV40 DNA replication in vitro: native and salt-treated SV40 minichromosomes and protein-free SV40 DNA. Native SV40 minichromosomes were isolated from nuclei of infected CV1 cells at a concentration of 100 mM salt. Salt-treated minichromosomes were obtained by eluting the nuclei at a concentration of 500 mM salt (25) . As shown by denaturing PAGE (Fig. 1A) , the core histones H2A, H2B, H3, and H4 are the main proteins associated with salt-treated minichromosomes. Native minichromosomes additionally contain the linker histone H1 and numerous nonhistone proteins. These minichromosome preparations differ in their overall chromatin structures, as salt-treated minichromosomes sediment at 50S, and native minichromosomes sediment at 70 S, in sucrose gradients (30) .
Equal amounts of salt-treated and native minichromosomes were used as substrates in the SV40 in vitro replication system and were compared with protein-free SV40 DNA. The amount of protein-free DNA in these assays was one-fourth of the amount of chromatin because only 20 to 25% of the SV40 minichromosomes contain a nucleosome-free origin (20, 34, 38) and are therefore available for the initiation of replication (5, 15) . After incubation for 2 h at 37ЊC in the presence of cytosolic S100 extract and SV40 T-Ag, replication products were deproteinized and analyzed by agarose gel electrophoresis (Fig. 1B) . Incorporated nucleotides were measured by trichloroacetic acid (TCA) precipitation (Fig. 1C) . As expected (24) , protein-free DNA was the most active template, but native SV40 minichromosomes replicated with significantly higher efficiency than salt-treated minichromosomes. This is shown by an increase in completely replicated superhelical DNA molecules (Fig. 1B, form I) and by a 2.5-fold stimulation of deoxynucleoside triphosphate incorporation (Fig. 1C) . A possible explanation was that native minichromosomes are associated with a factor(s) which stimulates the passage of the replication machinery through nucleosomally organized DNA.
Identification of the stimulatory factor(s) associated with native minichromosomes. We investigated whether this factor(s) is a general replication protein, for example, a DNA polymerase, which may be associated with native minichromo-FIG. 1. Native SV40 minichromosomes replicate with higher efficiency than salt-treated minichromosomes. (A) Two micrograms of salt-treated (sMc) and native (nMc) SV40 minichromosomes were separated on an SDS-15% PAGE gel, and the proteins were visualized by silver staining. Two micrograms of calf thymus histones (H1, H2A, H2B, H3, and H4) was used as markers (M). The sizes (in kilodaltons) of a high-molecular-weight marker set are given on the right side of the gel. (B) Five hundred nanograms of salt-treated or native minichromosomes or 125 ng of protein-free SV40 DNA was replicated for 2 h in the SV40 in vitro replication system. Purified replication products were separated on a 0.8% agarose gel and visualized by autoradiography. I, covalently closed circular DNA; II, relaxed circular DNA; HMW, high-molecular-weight DNA. (C) Quantitation of incorporated nucleotides by TCA precipitation. somes, or a factor which may specifically facilitate the replication of chromatin. To address this point, we eluted the proteins associated with native minichromosomes at a salt concentration of 500 mM and tested the eluate for replication stimulation by using either salt-treated minichromosomes or proteinfree DNA as substrate. We found that the eluate stimulated the replication of salt-treated minichromosomes ( Fig. 2A and B, lanes ϩ and Ϫ) but not the replication of protein-free DNA ( Fig. 2C and D, lanes ϩ and Ϫ) . To further investigate the replication stimulatory factor(s), the 500 mM eluate from native minichromosomes was fractionated on 15 to 35% glycerol gradients. The individual fractions were tested for stimulatory activity with salt-treated minichromosomes ( Fig. 2A and B , lanes 1 to 14) and with protein-free DNA (Fig. 2C and D, lanes  1 to 14) . We found two activities within the gradient which significantly stimulate the replication of salt-treated minichromosomes but not of protein-free DNA. The S values of these active fractions ( Fig. 2A) were determined to be 4S and 9S by comparison with sedimentation markers run in parallel. Thus, it seems that native SV40 minichromosomes carry at least two proteins which specifically stimulate the replication of chromatin.
Protein-free DNA replicated in the presence of eluted proteins was mainly in the superhelical form I topology (Fig. 2C,  lane ϩ) . This finding suggests that nucleosomes were assembled on replicating DNA. This is most probably due to the presence of the chromatin assembly factor CAF-I, which is a constituent of native minichromosomes and can be released at 500 mM salt (23) . CAF-I uses the cytosolic histones to assemble nucleosomes on newly replicated DNA (21, 36, 37) . CAF-I, identified by the assembly of protein-free DNA into chromatin (Fig. 2C, lanes 7 to 9) , sedimented at 6.5S (36) and was clearly separated from the stimulatory activities.
The minichromosome eluate does not provide enough material for protein purification of the stimulatory activities. Therefore, HeLa cell nuclei were eluted at 500 mM salt and the proteins were separated on butyl-Sepharose, Mono Q, and Mono S columns by chromatography, followed by glycerol gradient fractionation. Individual fractions from the glycerol gradient were tested for stimulation of replication with salttreated minichromosomes as templates (Fig. 3A) . We could identify a fraction with a sedimentation value of 9S that stimulates the replication of salt-treated minichromosomes (Fig.  3A, lanes 11 and 12) but not of protein-free DNA (data not shown). Separation of the individual fractions by denaturing PAGE showed a single protein of around 170 kDa in the active fractions (Fig. 3B) . Both the S value and the electrophoretic property suggested that the stimulatory protein could be topoisomerase II. Western blot analysis of the glycerol gradient fractions with topoisomerase II-specific antibodies confirmed that the active fractions contained topoisomerase II (Fig. 3C) .
As shown in Fig. 2A and B, native minichromosomes contain at least two stimulatory activities, of which one, the 9S activity, is most probably topoisomerase II. To confirm this assumption and to determine the nature of the 4S activity, we used antibodies against topoisomerase I and topoisomerase II and analyzed the fractions of the glycerol gradient of the native minichromosome eluate (Fig. 4) . We found that the active fractions with an S value of 4S ( Fig. 2A and B , lanes 4 to 7) contain topoisomerase I (Fig. 4, lower panel) and the active fractions with an S value of 9S ( Fig. 2A and B, lanes 10 and 11) contain topoisomerase II (Fig. 4, upper panel) . We concluded that not only topoisomerase II, but also topoisomerase I, has a stimulatory effect on the replication of salt-treated minichromosomes.
To confirm these conclusions, we directly determined the presence of topoisomerases I and II on SV40 minichromosomes. For this purpose, minichromosomes were prepared from nuclei of infected cells at increasing salt concentrations. Isolated minichromosomes were then analyzed by Western blotting with either topoisomerase I-specific antibodies (Fig.  5A) or topoisomerase II-specific antibodies (Fig. 5B) . We found topoisomerase I to be associated with native minichromosomes at 100 mM salt. At 200 mM salt, only about 10% of the original amount of topoisomerase I remained bound to minichromosomes, and at salt concentrations above 200 mM, topoisomerase I was no longer detectable (Fig. 5A) . Likewise, topoisomerase II was found to be associated with native minichromosomes at low salt concentrations but was completely removed at higher salt concentrations (Fig. 5B) .
The incorporation of nucleotides during replication of minichromosomes prepared at salt concentrations of 100 to 300 mM gradually decreased until a constant value was FIG. 2. The eluate from native minichromosomes stimulates the replication of salt-treated minichromosomes but not of protein-free DNA. (A) The proteins of native SV40 minichromosomes were eluted with 500 mM salt, and the eluate was added to the replication assay of 500 ng of salt-treated minichromosomes (ϩ). The eluate was fractionated on 15 to 35% glycerol gradients, and the individual fractions (lanes 1 to 14) were tested in the in vitro replication assay. Purified replication products were analyzed as described in the legend to Fig. 1 reached for minichromosomes prepared at higher salt concentrations ( Fig. 5C and D) . The correlation between the topoisomerases bound to chromatin and the template replication efficiency further confirmed that topoisomerases I and II are responsible for the stimulation of minichromosome replication.
Accessibility to topoisomerases of substrates with a different chromatin structure. Both topoisomerase I and topoisomerase II have been established as essential proteins for SV40 DNA replication in vivo and in vitro (2, 19, 44, 45, 49) . The question is why two enzymes known to be essential for replication were capable of specifically stimulating the replication of chromatin but not of protein-free DNA. One possibility is that the amounts of topoisomerases in cytosolic protein extracts are sufficient for an efficient replication of protein-free DNA but not of chromatin because the accessibility to topoisomerases is restrained in chromatin. To investigate this possibility, we used salt-treated (control) and trypsinized SV40 minichromosomes as substrates for topoisomerases. According to recent experiments, trypsinized minichromosomes possess a more relaxed chromatin structure than do salt-treated control minichromosomes (32) . If chromatin structure determines accessibility to topoisomerases, a higher fraction of trypsinized minichromosomes than of control minichromosomes should be cleaved by topoisomerases I and II. We therefore incubated equal amounts of control and trypsinized minichromosomes with either topoisomerase I or topoisomerase II in a cleavage reaction. Protein-free SV40 DNA served as an additional control in these reactions. To visualize the cleavages induced by topoisomerase I, reactions were performed in the presence of the drug camptothecin, which specifically stabilizes the intermediate enzyme-linked DNA breaks (18) . The topoisomerase II cleavage reaction was performed in the presence of the acridine derivative m-AMSA, which inhibits the DNA ligation reaction of topoisomerase II by trapping the cleavable complex (31) . The deproteinized DNA from the cleavage reactions was analyzed on agarose gels (Fig. 6A and B) . The fractions of cleaved DNA (form II for topoisomerase I; form III for topoisomerase II) were determined by measuring the intensities of the individual bands of the ethidium bromide-stained gel ( Fig.  6C and D) . We found that topoisomerase I and topoisomerase 14) were separated on an SDS-8% PAGE gel. Western blot analysis was done with antibodies to topoisomerase I (␣-Topo I) and topoisomerase II (␣-Topo II). The sizes (in kilodaltons) of a high-molecular-weight marker set are given at the left side of the gel. II attacked protein-free DNA and trypsinized minichromosomes with similar efficiencies, while control minichromosomes were clearly more resistant.
We noted that the differences between trypsinized and control minichromosomes were only observed in low-salt buffer, containing 0.5 mM MgCl 2 and 10 mM KCl. When the cleavage reaction was performed under higher-salt conditions (50 to 120 mM KCl, 10 mM MgCl 2 ), no difference in the amount of DNA cleaved by either topoisomerase I or topoisomerase II could be detected between control and trypsinized minichromosomes (data not shown). This result can be explained by the findings of Fletcher and Hansen (12) , who reported that the ions present in the cleavage reaction at high salt concentrations substitute for the histone tail domains to yield a chromatin structure indistinguishable from that of an intact nucleosomal array.
Quintini et al. (32) have previously shown that trypsinized minichromosomes replicate with two-to threefold higher efficiency than salt-treated control chromatin. The data shown in Fig. 6 suggest that the higher replication efficiency may be due to improved access of topoisomerases to trypsinized minichromosomes. In this case, addition of topoisomerases should not increase the replication efficiency of trypsinized minichromosomes. To test this prediction, we added increasing amounts of either topoisomerase I (Fig. 7A and B) or topoisomerase II (Fig. 7C and D) to replication assays with either control or trypsinized minichromosomes as templates. As expected, the replication efficiency of control chromatin significantly increased with the addition of either topoisomerase I or topoisomerase II. In contrast, trypsinized minichromosomes were not significantly stimulated by the addition of topoisomerase I or topoisomerase II (Fig. 7B and D) .
To understand the mechanism by which topoisomerases I and II effect the stimulation of chromatin replication, we performed an experiment to investigate the kinetics of minichromosome replication. Salt-treated SV40 minichromosomes were replicated for increasing lengths of time in the absence or presence of 10 U of topoisomerase I or topoisomerase II added to the reaction mixtures. Our results show that after a 10-min incubation time, labeled nucleotides were already incorporated into replicative intermediates regardless of whether topoisomerases were added or not (Fig. 8) . This result indicates that topoisomerase I or topoisomerase II did not facilitate the assembly of replication initiation complexes. In contrast, completely replicated form I molecules appeared after 25 min in the presence of topoisomerase II and after 35 min in the presence of topoisomerase I, while comparable amounts of mature progeny DNA molecules were detected only after 45 min of incubation in the absence of additional topoisomerases (Fig. 8) . Thus, replication proceeded much faster in the presence of additional topoisomerases, and both topoisomerases stimulate the elongation of chromatin replication.
In summary, our data indicate that differences in chromatin structure determine accessibility to topoisomerases and consequently the efficiency of replicative chain elongation. 
DISCUSSION
Native and salt-treated SV40 minichromosomes differ significantly in protein composition and chromatin structure. Although native minichromosomes have a more compact chromatin structure than salt-treated minichromosomes (30), we found that they replicate with significantly higher efficiency (Fig. 1) . We showed that topoisomerases I and II, which are bound to native but not to salt-treated minichromosomes (2) (3) (4) 33) , are responsible for the increased replication efficiency (Fig. 2, 4, and 5) .
The fact that the replication of salt-treated minichromosomes but not of protein-free DNA was stimulated by the addition of topoisomerases led to the assumption that accessibility to topoisomerases is restrained in chromatin. Indeed, we showed that a higher fraction of protein-free DNA than of salt-treated minichromosomes is accessible to cleavage by either topoisomerase I or topoisomerase II (Fig. 6) . Differences in accessibility were observed not only between DNA and chromatin but also between chromatin molecules of different structures. Thus, we found that trypsinized minichromosomes, which have a more extended chromatin structure than control chromatin (32) , are more accessible to cleavage by either topoisomerase I or topoisomerase II (Fig. 6 ). These differences in accessibility to topoisomerases I and II are pronounced during replication. Consequently, larger amounts of topoisomerases are necessary to increase the replication efficiency of control minichromosomes to the level of trypsinized minichromosomes (Fig. 7) . Consistent with the fact that trypsinized SV40 minichromosomes show a higher rate of replicative fork movement (32), we showed by replication kinetic experiments that additional topoisomerase I or topoisomerase II in the replication assay stimulates the elongation of replication of salt-treated minichromosomes (Fig. 8) .
Drastic topological changes occur during the replication of chromatin. Semiconservative replication of double-stranded DNA requires the complete unwinding of the double helix. DNA helicases, such as, for example, the SV40 T-Ag, are responsible for the unwinding of the DNA during replication (reviewed in reference 11). Helicases induce a supercoiling of the template DNA, possibly according to the twin-supercoiled domain model (27) as originally proposed to describe the topological changes in the vicinity of transcribing RNA polymerase II. Thus, negative supercoils are induced behind the helicase, and positive supercoils are induced in front of the enzyme (48) . Our data suggest that there must be a difference in the topological changes generated during the replication of protein-free DNA, control minichromosomes, and trypsinized minichromosomes.
Torsional stress arising during replication of protein-free DNA or trypsinized minichromosomes seems to be more easily relaxed by topoisomerases I and II than supercoils generated during the replication of salt-treated minichromosomes. Therefore, larger amounts of topoisomerases are necessary to obtain the same level of replicational activity (Fig. 7) . What might be the differences between salt-treated control and trypsinized minichromosomes? It is possible that the supercoils generated by the progression of the replication fork through protein-free DNA are different from those generated on replicating chromatin (46) . Alternatively, supercoils might be differently exposed in trypsinized and control minichromosomes. Two parameters control the superhelicity of the DNA. One is the diffusion rate of supercoils along a DNA template, and the other is the abundance of topoisomerases and their kinetics (reviewed in references 7, 8, 10, 28, and 42). Supercoil diffusion is likely to be influenced by the presence of tightly bound DNA-protein complexes like nucleosomes, which could represent barriers for supercoil dissipation. Quite possibly, trypsinized nucleosomes, which lack the amino-terminal histone tails, represent a less stringent barrier to the progression of supercoils than intact nucleosomes. Furthermore, the longer linker DNA (40 bp) in trypsinized chromatin could theoretically absorb four more supercoils. Because it has been shown that the abundance of DNA crossovers occurring in supercoiled DNA regulates the catalytic efficiency of topoisomerases I and II (29, 50) , replicating trypsinized minichromosomes might be preferred over control minichromosomes as substrates for topoisomerases.
Proteolysis of histone tails does not normally occur in vivo, but experimental proteolysis may be considered to be an extreme case of charge reduction comparable to the reduction in charge balance that occurs in vivo by an acetylation of the ε-amino groups in histone tails. Recent experiments have shown that hyperacetylated SV40 minichromosomes replicate with higher efficiency than normal minichromosomes (1) . The causes for the higher replication efficiency of hyperacetylated minichromosomes are unknown. But the observations with trypsinized minichromosomes suggest that a higher accessibility for topoisomerases in hyperacetylated minichromosomes could be one reason for the increased replication efficiency.
The observation that transcribed chromatin is enriched in hyperacetylated histones (reviewed in references 7, 8, 28, and 42) could indicate that transcriptionally active chromatin creates a preferred substrate for topoisomerases to relax the supercoils generated during transcription. Similarly, high-mobility-group (HMG) proteins are preferentially associated with transcriptionally active chromatin. It has been shown recently that HMG-containing chromatin has a more relaxed chromatin structure than HMG-deficient chromatin (41) . Elongation of transcription by RNA polymerases II and III is significantly stimulated in HMG-containing chromatin (6, 9, 41) , and it is possible that this is due to an increased substrate specificity for topoisomerases.
Thus, differences in targeting of topoisomerases to substrates with different chromatin structures might be an impor- FIG. 8 . Topoisomerases I and II stimulate the elongation of replication of salt-treated minichromosomes. Salt-treated SV40 minichromosomes (500 ng) were replicated for the indicated time points. Replication assays were done under standard conditions (control) or supplemented with 10 U of either topoisomerase I (topo I) or topoisomerase II (topo II). Purified replication products were analyzed as described in the legend to Fig. 1 . I, covalently closed circular DNA; II, relaxed circular DNA; HMW, high-molecular-weight DNA.
tant regulatory mechanism to control both the transcriptional and replicational activities of chromatin.
